nonetheless of paramount importance to the aerobic exercise response. A dramatic rise in both respiratory rate and tidal volume is necessary to increase inspired oxygen and expired carbon dioxide during aerobic exercise. Moreover, an increase in pulmonary perfusion must match the increase in pulmonary ventilation to ensure the pressure-differential-driven transfer of oxygen and carbon dioxide from the alveoli to blood and vice versa.
On average, patients with HF present with age/ sex-predicted peak V . O 2 values that are 50% and 25% lower than the apparently healthy and coronary artery disease populations, respectively. 7 The reason for this often-encountered profound reduction in aerobic capacity in the population with HF is multifactorial and involves the cardiovascular, skeletal muscle, and pulmonary systems. As the diagnosis implies, patients with HF present with diminished cardiac function, reducing cardiac output both at rest and during exercise. Not surprisingly, a significant positive correlation between peak V . O 2 and cardiac output has been consistently demonstrated in patients with HF. [8] [9] [10] [11] Skeletal muscle abnormalities are well documented in patients with HF, collectively reflecting a diminished capacity for aerobic energy production. 3, [12] [13] [14] [15] [16] Studies have reported a 10% to 20% reduction in type I (aerobic) fiber composition with a concomitant increase in the percentage of type IIb fibers in patients with HF than in control subjects. 17 The skeletal muscle abnormalities associated with HF are coupled with a reduction in capillary density. 17, 18 Both of these phenomena negatively impact the peripheral component of the Fick equation and contribute to the reduction in peak V . O 2 . Finally, there are a number of pulmonary abnormalities involving both the respiratory musculature and interstitial tissues that have been reported in the population with HF. These include (1) respiratory muscle weakness 19, 20 and endurance, 21 (2) elevated airway resistance, 22 (3) altered diaphragmatic positioning, 23 (4) diminished alveolar-capillary perfusion capacity, 24 and (5) ventilation-perfusion abnormalities. [25] [26] [27] Moreover, several measures of pulmonary function have been shown to correlate with aerobic exercise capacity in patients with HF. 20, 28, 29 Given that patients with HF do not commonly exhibit arterial oxygen desaturation during aerobic exercise, an inability to augment pulmonary oxygen uptake is rarely the culprit for a diminished peak V . O 2 response. However, alterations to respiratory musculature function and positioning in conjunction with increased airway resistance likely contribute to the sensation of exertional dyspnea often encountered in the population with HF. 28, 30 In summary, the reduction in aerobic capacity frequently observed in patients with HF is a multifactorial phenomenon, involving the pulmonary, cardiovascular, 2 / Journal of Cardiopulmonary Rehabilitation and Prevention 2009;00:000-000 www.jcrpjournal.com evidence demonstrating the potential benefits of adjunctive treatment options is accumulating. Both neuromuscular electrical stimulation (NMES) and inspiratory muscle training (IMT) demonstrate a positive impact on numerous variables in patients with HF, including physiologic function, aerobic capacity, muscle force production, symptoms, and quality of life. While evidence supporting the implementation of NMES and IMT in patients with HF is compelling, neither approach is considered in clinical practice. This may partly be due to the lack of awareness of the evidence supporting NMES and IMT in patients with HF by clinicians delivering rehabilitation services. This is understandable given that there is no presently available review that summarizes the potential benefits of NMES or IMT in this chronic disease population. The purpose of the present review is to therefore: (1) identify the physiologic abnormalities that contribute to the functional limitations often observed in patients with HF; (2) provide a comprehensive summary of the research investigations implementing NMES and IMT programs in patients with HF; (3) address current research gaps, providing a direction for future investigations; and (4) provide clinical scenarios where NMES and IMT may prove to be beneficial during the rehabilitation of patients with HF.
PHYSIOLOGIC ABNORMALITIES LIMITING FUNCTIONAL CAPACITY IN PATIENTS WITH HF

Aerobic Exercise
The physiologic response to a bout of aerobic exercise is dependent on the ability of the pulmonary, cardiovascular, and skeletal muscle systems to augment oxygen uptake (pulmonary), delivery (cardiovascular), and utilization (muscle) in an effort to meet the increased energy requirements of working muscle. The connection between aerobic capacity and physiologic function is most commonly expressed through a modification of the Fick equation such that oxygen uptake (V . O 2 ) is the product of cardiac output and the difference in oxygen concentration between arterial and venous blood. Through this equation, it is readily apparent that peak V . O 2 is dependent on the augmentation of heart rate and stroke volume as well as the ability of working skeletal muscle to extract a greater amount of oxygen for energy production. While the proper physiologic function of both is important, it is the former (maximal cardiac output) that primarily dictates aerobic capacity in healthy individuals as well as in those with cardiac disease. 6 While the role of the pulmonary system is not readily apparent in the Fick equation, its normal response is and skeletal muscle systems to varying degrees. Improving the physiologic function of one or more of these systems through various interventions is therefore necessary to improve aerobic capacity. Moreover, improving the physiologic function of all 3 systems through focused training regimens may optimize clinical outcome.
Resistance Exercise
Describing resistance exercise is more complex than its aerobic counterpart. Simply stated, resistance exercise involves movement against a load. Resistance exercise may be further dichotomized into activities involving movement against a heavier load for fewer repetitions and movement against a lighter load for a greater number of repetitions. The former type of resistance exercise typically increases muscular strength, whereas the latter is designed to improve muscular endurance, although both approaches yield improvements in strength and endurance. Moreover, resistance exercise directed toward muscular strength primarily utilizes anaerobic energy production pathways, whereas muscular endurance activities utilize a greater degree of aerobic energy production. 2 A primary determinant of muscular strength is cross-sectional area, 31 whereas the aerobic characteristics of skeletal muscle have a greater influence on endurance performance. The skeletal muscle abnormalities described above include a decreased cross-sectional area in patients with HF compared with healthy controls. [32] [33] [34] [35] [36] In addition, a progressive decrease in muscle mass is associated with increasing HF disease severity. 33, 34 While maximal force production per unit area of muscle seems to be preserved in patients with HF, a decrease in overall muscle cross-sectional area compared with apparently healthy individuals leads to diminished muscular strength in this chronic disease population. 17 The welldocumented decrease in aerobic characteristics of skeletal muscle plays a major role in the decreased muscular endurance observed in patients with HF. [37] [38] [39] In summary, patients with HF frequently present with a decreased ability to perform activities requiring muscle strength and endurance. The decline in muscular strength appears to be primarily influenced by a smaller cross-sectional area, whereas the decrease in muscular endurance is impacted by a diminished aerobic capacity of skeletal muscle.
Impact of Traditional Aerobic and Resistance Exercise Training in Patients With HF
There is a wealth of evidence demonstrating positive outcomes associated with aerobic and resistance training in patients with HF. iologic measures reflecting both an improved capacity to produce energy aerobically and improved autonomic and cardiovascular function. In addition, there is evidence to suggest that aerobic exercise training reduces morbidity and mortality in patients with HF. 43 Resistance exercise training consistently elicits improved muscular strength and endurance and potentially has a positive impact on cardiac function. 42 Contrary to training studies in apparently healthy subjects, resistance exercise programs, particularly those focusing on improving muscular endurance, may also significantly improve peak V 
NEUROMUSCULAR ELECTRICAL STIMULATION IN PATIENTS WITH HF
Original investigations assessing the effects of chronic NMES programs are summarized in Table 1 . All 13 investigations included small cohorts, which is partially overcome by the consistency among each study findings. Ten of the 13 investigations included a control group with random assignment. Only 1 investigation completely blinded research personnel performing baseline/followup assessments. Moreover, the groups with HF enrolled in the trials (1) were predominantly men, (2) were all diagnosed with systolic HF confirmed by echocardiography, and (3) had a mean age between 53 and 63 years. The NMES training protocols employed were somewhat diverse among the studies. Individual session time, number of sessions per week, and total training duration ranged from 30 minutes to 4 hours, 3 to 7 days per week, and 5 to 10 weeks, respectively. In addition, the type of muscle contraction elicited by NMES (titanic vs twitch) varied among the investigations. All 13 investigations performed NMES on the quadriceps bilaterally and a majority also included the calf muscles. None of the 13 investigations reported the occurrence of adverse events with NMES. Seven of 9 investigations assessing changes in peak V . O 2 following NMES reported a significant increase, which ranged from 4% to 20%. Interestingly, subjects in the 2 trials 44 Vaquero et al, 1998 45 Quittan et al, 1999 46 Quittan et al, 2001 47 Harris et al, improvement was consistently greater with the latter intervention. From a statistical perspective, however, the difference in peak V . O 2 improvement between NMES and conventional training was only significant in 1 of the 3 trials. 51 All 6 of the investigations assessing the impact of NMES on lower extremity muscle force production reported a significant increase. The 1 investigation that used conventional aerobic exercise training as a control and also assessed quadriceps strength and fatigue reported comparable improvements in these variables. 48 Other noted improvements that reached statistical significance following NMES noted improvements that reached statistical significance following IMT included the following: (1) increased 6-or 12-minute walk test distance (6/6 investigations), (2) lowered minute ventilation/carbon dioxide production slope (1 investigation), (3) improved quality of life (3/3 investigations), and (4) improved respiratory muscle endurance (6/6 investigations).
SUMMARY OF EVIDENCE SUPPORTING NMES AND IMT IN PATIENTS WITH HF
The present body of research provides compelling evidence that both NMES and IMT improve aerobic capacity in patients with HF. The physiologic mechanism for improvements in peak V
. O 2 appears to be different for NMES and IMT with the former modality improving blood flow and the aerobic capacity of skeletal muscle while the latter ameliorates respiratory muscle weakness/endurance and the resultant sensation of exertional dyspnea. NMES also appears to favorably improve the strength and endurance of muscle groups undergoing stimulation. The improvements in strength are likely attributable to an increase in cross-sectional area, whereas improvements in endurance are again linked to enhanced aerobic capacity in skeletal muscle. Both NMES and IMT also appear to consistently improve perceived quality of life in this patient population, an important rehabilitation metric.
5
CURRENT KNOWLEDGE GAPS AND FUTURE RESEARCH DIRECTIONS
While the current body of evidence supports both NMES and IMT in the population with HF, substantial knowledge gaps exist, indicating the need for additional research in the following areas: (1) Although the incidence and prevalence of HF is well-balanced according to sex, 63 all of the NMES and IMT investigations recruited a small percentage of women. Moreover, the mean age of these studies indicates that a small percentage of subjects were of an advanced age (ie, Ͼ70 years). (2) Although patients with diastolic HF present with a diminished exercise capacity, 64 none of the NMES and IMT trials to this point include subjects diagnosed with this condition. (3) Initial research indicates that the combination of conventional aerobic and resistance exercise training elicits a favorable synergistic effect. 65 To date, no investigation has assessed the impact of combining NMES and IMT with each other or conventional exercise training programs. (4) There is no consensus on optimal NMES or IMT training characteristics (ie, intensity, frequency, and duration). In addition, these training characteristics were (1) calf muscle volume (1 investigation), (2) quadriceps cross-sectional area (1 investigation), (3) 6-minute walk test distance (8/8 investigations), (4) V . 
IMT IN PATIENTS WITH HF
Investigations assessing the effect of IMT programs are summarized in Table 2 . All 6 investigations were limited by small cohorts, again, partially overcome by the consistency among the study findings. Five of the 6 investigations included a control group but only 2 used a randomized design. Only 1 investigation completely blinded research personnel performing baseline/follow-up assessments. Consistent with the NMES investigations, the groups with HF enrolled in the IMT trials (1) were predominantly men, (2) were all diagnosed with systolic HF confirmed by echocardiography, and (3) had a mean age between 53 and 66 years. The IMT training protocols employed were largely consistent among studies. This is partially due to the fact that the same research group conducted 3 of the investigations. Despite the improved consistency in IMT training characteristics, no clear statements can be made regarding an optimal treatment paradigm. The number of sessions per week and total training duration ranged from 3 to 7 days per week and 10 to 12 weeks, respectively. All 6 investigations incorporated inspiratory maneuvers against a resistance ranging from 30% of maximum static inspiratory capacity to 60% of sustained maximal inspiratory pressure. Only the investigation by Mancini et al 57 incorporated other inspiratory and expiratory exercises into the program.
None of the 6 investigations reported any adverse event with IMT. All 6 investigations reported a significant improvement in maximal inspiratory pressure following IMT, ranging from 8% to 115%. Five of the investigations reported a significant increase in peak V . O 2 following IMT, which ranged from 11% to 23%. One investigation reported a significant correlation between the improvement in peak V . O 2 and the improvement in maximal inspiratory pressure. 60 The single investigation reporting no change in peak V . O 2 assessed the smallest intervention and control cohorts (n ϭ 10/group). 58 Moreover, the investigators noted that 3 of the 10 subjects in the IMT group demonstrated an improvement in peak V . • Patient 2 presents with a slightly higher aerobic exercise capacity and quality of life. However, maximal inspiratory pressure is significantly better than that for patient 1. In this case, only the addition of NMES to conventional training may be warranted.
• Finally, patient 3 demonstrates a substantially higher aerobic capacity and quality of life at baseline than the preceding cases. Moreover, maximal inspiratory pressure is approaching age/sex-predicted normal values. While the implementation of conventional aerobic and resistance training is warranted, the addition of NMES and/or IMT may provide little additional value.
The authors would again like to reiterate the fact that these clinical scenarios are not meant to endorse routine clinical implementation of NMES or IMT in patients with HF and specific characteristics. Rather, these scenarios serve to illustrate where these complementary rehabilitation options may be beneficial (ie, patients with more severe functional impairments and NYHA Class III/IV). Both NMES and IMT are medically approved treatment options that appear to pose low adverse event risk to patients when properly implemented. It is up to the clinician to design an individualized rehabilitation program based on the impairments identified during the baseline evaluation, using all approved treatment options at his or her disposal.
CONCLUSIONS
Cardiac rehabilitation, with traditional aerobic and resistance training at its core, continues to be a standard of care for patients with HF. The addition of NMES and IMT may serve a role as adjunctive rehabilitation options in the population with HF, particularly in those patients who present with a greater degree of functional impairment at baseline. Future research is required to better elucidate the clinical value of NMES and IMT in patients with HF.
will most likely differ according to the primary rehabilitation goal (ie, optimization of aerobic capacity or muscle strength). (5) Although the use of peripheral electrical stimulation devices appears to be safe in patients with pacemakers, resynchronization devices, and/or implanted defibrillators, 66, 67 there is no clear consensus on this important safety issue. (6) A majority of NMES studies employed a randomized design. However, less than half of the IMT investigations randomized subjects to either the interventional or the control arm. Moreover, few investigations blinded research personnel performing assessments. Finally, all investigations examined a relatively small number of subjects, diminishing the strength of results drawn from any single investigation. Addressing these areas in future research endeavors will greatly augment the support for NMES and IMT in the rehabilitation of patients with HF. Until these research gaps are addressed, the widespread clinical use of NMES and IMT cannot be advocated.
CLINICAL SCENARIOS WHERE NMES AND IMT MAY BE BENEFICIAL
The evidence supporting NMES and IMT in the population with HF, while compelling, has not reached the level needed to recommend widespread implementation of these adjunctive rehabilitation options. However, optimal delivery of rehabilitation services is achieved when the program is individualized, targeting the unique set of physiologic/functional limitations that each patient presents with during the initial assessment. In patients with HF who present with a greater baseline functional impairment, NMES and/or IMT may therefore assist in their rehabilitation. The 3 patient examples listed in Table 3 assist in illustrating when the use of NMES and/or IMT may be appropriate.
• Patient 1 presents with a severely diminished aerobic exercise capacity, maximal inspiratory pressure (ie, respiratory muscle function), and quality of life. Moreover, submaximal exercise tolerance at the initiation of the rehabilitation allows only for a short bout of continuous aerobic exercise before the onset of fatigue necessitates rest. In this subject, the addition of NMES to conventional aerobic and resistance training allows for prolonged, continuous bouts of skeletal muscle stimulation with minimal stress on the cardiac system. Moreover, a low maximal inspiratory pressure indicates that an IMT program may assist in alleviating the sensation of dyspnea brought about by respiratory muscle fatigue at low exercise workloads.
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